The question of how carbon nanotubes ͑CNT͒-believed to be the strongest filaments-relax under tension has been addressed. A dislocation theory applied to a two-dimensional nanocrystal such as the CNT describes the main routes of mechanical relaxation in this molecular structure: a brittle cleavage or, at high temperatures, a plastic flow. Both start with diatomic rotation, which ''unlocks'' the pristine wall of CNT by creating a dislocation dipole with the pentagon-heptagon cores. Under high stress, the dislocations depart from each other along helical paths, leaving behind a nanotube of smaller diameter, well-defined new symmetry, and changed electrical properties.
measured, 6 and even utilized in nanoprobes. 7 The tensile strength, a property more important for material applications, has eluded measurement, as has an understanding of the underlying mechanisms of failure. Modeling of the high rate tension indicates very large breaking strain for CNT. 8 However, over longer periods of time, even a small nonhydrostatic stress makes the system metastable: 9, 10 it breaks or transforms into another phase given sufficient time. Besides the applied aspect, CNT are interesting for fundamental studies of fracture in an almost ''ideal'' material with a low level of quenched disorder. [11] [12] [13] We start with dislocation theory, 14 and deduce the atomistics of mechanical relaxation under tension. This gives the sequence of rearrangements induced by the applied load and assisted by thermal agitation. We show that the yield strength depends on the CNT symmetry. We further predict the possibility of intramolecular plasticity. The nucleation slip of the prime dislocation dipole occurs by diatomic interchange, which ''unlocks'' the CNT for further relaxation: either brittle cleavage or a plastic flow. Remarkably, the latter corresponds to a motion of dislocations along helical paths ͑glide ''planes''͒ within the CNT wall. This causes a stepwise ͑quantized͒ necking as the domains of different chiral symmetry, and therefore, different electronic structure, 2, 3 are formed, thus coupling the mechanical and electrical properties.
Locally, the wall of a CNT has the same sp 2 -bond structure and energetics as a single graphene sheet. For a diameter d, the curvature adds 0.08 eV nm 2 
/d
2 of strain energy, less than 1% of the binding energy, 7.4 eV per atom. 2, 3 In a crystal lattice such as the wall of a CNT, a yield to a great tension begins with a homogeneous nucleation of a slip 14 by the shear stress present. A possible glide reduces the total energy, as quantified by the Peach-Koehler equation, 14 relating the elastic force f on a dislocation with its Burgers vector b, stress tensor , and the dislocation line direction n,
Here, ⑀ i jk is the Levi-Civita permutation symbol, with the components equal Ϯ1 or 0. With the local coordinates x, y, and z chosen along the tube circumference, the axis, and the local normal to the surface, respectively, one can immediately simplify this equation. The edge dislocation ''line'' is normal to the wall, so that iϭz. The axial tensile stress has only one component yy ϭ, therefore, jϭlϭy, and f k ϭ Ϫ␦ xk b y -the force is always directed circumferentially (kϭx), while its magnitude is proportional to the axial component of b. Neglecting the possibility of a climb, one finds that the glide along the Burgers vector is determined by
where is the angle between the Burgers vector and the circumference ͓Fig. 1͑a͔͒. In an isotropic material, the a͒ Electronic mail: yakobson@ncsu.edu FIG. 1. ͑a͒ An elastic force on a dislocation is a ''clover-leaf'' function of the angle between the Burgers vector and the tension axis ͑vertical͒. The straight beams indicate the intrinsic glide planes in the hexagonal CNT wall: armchair, zigzag, and arbitrary chiral ͑dashed͒. As a result of the glide, the tube changes from the armchair to zigzag ͑A to Z, see the arrows͒ and the internal glide planes rotate gradually. ͑b͒ The core of c-axis edge dislocation consists of a pentagon-heptagon pair 5/7, and the dipole's structure is 5/7/7/5, which in turn is equivalent to a similar but differently oriented dipole of the 5/7's. ͑c͒ With a 1 and a 2 as a basis in the hexagonal lattice, the CNT is specified by mapping its circumference on a vector c.
APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 8 23 FEBRUARY 1998 greater f b the more energetically favorable is the nucleation of a dislocation and/or its glide. The graphene wall of a CNT is not isotropic; its hexagonal symmetry governs the three glide ''planes''-the lines along the closest ''zigzag'' atomic packing, oriented at 2/3 to each other ͑a ͕10ll͖ set in three-dimensional graphite͒. The corresponding c-axis edge dislocations, involved in such slip, are known in graphite. 15, 16 The Burgers vectors 1/3a͗2110͘ have a magnitude bϭaϵ0.246 nm ͑lattice constant͒, and the dislocation core is identified as a 5/7 pentagon-heptagon pair in the perfect lattice of hexagons. Therefore, the primary nucleated dipole must have a 5/7/7/5 configuration ͓a 5/7 attached to an inverted 7/5 core, Fig. 1͑b͔͒ . Moreover, it can be obtained in a graphene sheet ͑or a CNT wall͒ by a /2 rotation of a single C-C bond, well known in fullerene science as a Stone-Wales ͑SW͒ diatomic interchange. 2, 17 One is led to conclude that such SW transformations must play a key role in the CNT relaxation under tension. The formation energy for this defect 17 and the activation barrier 2, 18 are high ͑several eV͒, consistent with the sessile type of 5/7 dislocations. 15 SW transformations, forbidden in the Woodward-Hoffmann sense, require high temperature or photostimulation. An indication exists for nonbrittle behavior and extreme strength of graphene layers at elevated temperature and under irradiation. 19 The fact that the 5/7's form the tilt boundaries in graphite samples provides strong evidence of their alignment by glide at high temperature. 15 At normal ambient conditions, the glide is extremely slow, although it still presents the lowest-energy path for relaxation. Tension in a practical test increases until the brittle route is taken.
The preferred slip direction depends on how the graphene strip is rolled up into a cylinder. It is specified by the vector, which becomes the circumference, cϭc 1 a 1 ϩc 2 a 2 in the basis standard for CNT, 2,3 Fig. 1͑c͒ . Then, d ϭ0.078ͱc 1 2 ϩc 2 2 ϩc 1 c 2 nm, and the chiral symmetry is described by the angle ϭarctan͓)c 2 /(c 2 ϩ2c 1 )͔, indicating how far the circumference departs from the leading zigzag motif a 1 . We use the same basis for bϭ(b 1 ,b 2 ), and get
͑3͒
According to the Frank criterion, only the smallest Burgers vectors are realistic, Ϯ(1,0), Ϯ(0,1), or Ϯ(1,Ϫ1). Further, all nonequivalent types of CNT can be described by the pairs with 0рc 2 рc 1 limited to the chiral angle 0рр/6. With these constraints, the max͉f b ͉ is attained for the dislocations bϭϮ(0,1), whose displacement reduces the strain energy by
Here, ⑀ϭ/C is the applied strain. The graphene sheet inplane stiffness 4 CϭY cϭ342 N/m is derived from the Young modulus of Y ϭ1020 GPa and the interlayer spacing cϭ0.335 nm in graphite, 2, 3 which yields the value a 2 C/2 Ϸ65 eV. Equation ͑4͒ can be used to compare different CNT: the more energetically favorable is the glide, the earlier yield to the applied strain, provided the same number of preexisting dislocations.
We can now consider the energetics of nucleation. In a pristine CNT molecule, the 5/7 dislocations have first to emerge as a dipole, in a prime SW transformation. Topologically, a SW defect is equivalent to either of the two dipoles ͓Fig. 1͑b͔͒, resulting from a a/2 slip in the hexagonal lattice. Geometrically, its higher D 2h symmetry requires that the best representation of the SW-induced lattice relaxation be a half sum of that produced by the representing dipoles. SW rotation of a bond ͓marked nϭ0, Ϯ1, Fig. 1͑c͔͒ corresponds to the slip dipoles oriented at 2n/3Ϫ and (2nϩ1)/3Ϫ to the circumference. The optimum bond rotation appears to be for nϭ0, and the energy change is,
The first two terms are added to include the zero-strain formation energy and possible isotropic dilation, independent of CNT symmetry. The symmetry-dependent third term, which also can be derived as a leading term in the Fourier series, describes the essential effect: SW rotation gains more energy in the armchair (ϭ/6) tube, making it the weakest or the most inclined to SW nucleation of the dislocations, in contrast to the zigzag (ϭ0) where the nucleation is least favorable. 20 Note that the estimate for compression cannot be obtained by a simple sign change, ⑀→Ϫ⑀; in this case, another (nϭϪ1) bond SW rotates. The corresponding energy change, E 0 ϩA⑀ϪBcos(2)⑀, shows a greater yield strength in compression for the armchair tubes.
Let us consider a ͑10,10͒ tube, produced in an almost pure form by laser ablation. 21 The initial SW rotation of the bond nϭ0 produces a geometry that can be viewed as either a dislocation dipole or a tiny crack along the equator ͓Fig. 2͑a͔͒. Once ''unlocked,'' the SW defect facilitates further relaxation. At this stage, both brittle ͑crack extension͒ or plastic ͑separation of dislocation cores and their glide in opposite directions͒ routes are possible: the former at lower and the latter at very high temperatures.
Both routes correspond to a further sequence of SW switches. The /2 rotation of the strictly azimuthal bonds will result in a 7/8/7 defect ͑we omit pentagons appearing on both sides of a crack͒ and further 7/8/8/7, etc., Fig. 2͑b͒ . This increases the strain of the vertical bonds between these octagons and will eventually lead to their breakage with the formation of larger openings like 7/14/7, etc. If the crack represented by this sequence surpasses the critical Griffith size, 12, 14 it leads to cleavage. In the more interesting alternative, the SW rotation of another bond divides the 5/7 and 7/5, as a direct inspection of Fig. 2͑c͒ shows. The two dislocations are now separated by a single row of hexagons. Next, similar SW switch results in a double-row-separated pair of 5/7's, and so on. This leads, at high temperatures, to a plastic flow inside the tube molecule. Indeed, a further simple repetition shows how 5/7 and 7/5 twins glide away from each other driven by the elastic forces. One remarkable feature of such glide is due to the cylindrical geometry: the glide ''planes'' in the case of CNT are spirals, and the slow thermally activated Brownian walk of the 5/7 cores proceeds along these well-defined trajectories. Similarly, the extra planes are just the rows of atoms curved into the helices. The dislocation line is the local normal to the wall, an analog of c axis ͓0001͔ in graphite.
When the dislocations sweep a noticeable distance, they leave behind a tube segment changed strictly following the topological rules of dislocation theory. By considering a planar development of the tube segment ͓Fig. (7, 1) or (8,Ϫ1)]→(7,0), etc. Interestingly, it abandons the armchair symmetry (c,c), but then the relaxation oscillates in the vicinity of zigzag (c,0) type, which appears as a peculiar attractor. Correspondingly, the diameter changes stepwise, dϭ1.36, 1.29, 1.22, 1.16 nm, etc. The local stress grows in proportion and this ''quantized'' necking can be terminated by a cleave at late stages, which occurs for macroscopic material. Interestingly, such plastic flow is accompanied by the change of electronic structure of the emerging domains, governed by the vector (c 1 ,c 2 ): 2,3 the armchair tubes are metallic, and others: semiconducting with different band gap. The 5/7 pair separating two domains of different chirality 22 has been discussed as a pure-carbon heterojunction. 23, 24 Here, we see how this electronic heterogeneity arises from a mechanical relaxation. If the initial tube was metallic ͑armchair͒, the plastic dilation irreversibly transforms it in a semiconducting type. ͑This resembles the coupling of mechanical and transport properties in nanowires. 25 
͒
The mechanism derived above from the dynamic topology 26 point of view is now corroborated by the accurate computer simulation of the initial steps of strain release. 27 In a plane graphene, an annihilation of two 5/7 cores has also been observed in simulation. 28 Reported 29 small residual strain-with no cleave detected-in a nanotube after its bend to a 16% strain in the sides, could have been due to a few 5/7's, that do not anneal readily at room temperature.
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FIG. 2. ͑a͒
In an armchair CNT, the first Stone-Wales rotation of an equatorially oriented bond into a vertical position creates a nucleus of relaxation. SW rotations marked by arrows show further evolution as ͑b͒ a brittle crack or ͑c͒ as a couple of dislocations gliding away from each other. ͑d͒ The change of the CNT chirality and a stepwise change of diameter causes the corresponding variations of electrical properties. Formation of a next SW defect continues the necking process, unless the dislocations pileup at insufficient temperature.
